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3.1 Introduction 

Details of the computational and experimental techniques used to calculate light scattering 

by dust particles is provided in this chapter. All important tools along with the steps 

involved in theoretical modeling approach has been discussed in the first section. In the 

second section details of the experimental setup is provided with specifications and 

function of each component. Alignment techniques of the optical components and 

validation procedure of the setup using spherical water droplets are also provided.  

3.2 Computational techniques  

A computational technique has been developed based on the software packages mentioned 

below, to compute and calculate light scattering properties of irregularly shaped aerosol 

and dust particles. The phase function )(11 F  and degree of linear polarization 

)(
)(

11

12




F
F

 along with other scattering parameters were theoretically calculated using 

this technique. 

The software packages are, 

1. Blender 3D: Volumetric geometry design software for arbitrary shapes and 

materials used to model target geometries to replicate the particles employed in 

experimental characterization. 

2. DDSCATCONVERT: Software package to convert the volumetric random 

shapes (in the form of a 3D triangular mesh) to dipole arrays by assigning 

dipoles to each point and vertices.  

3. ParaView:  Software available in the public domain to realize 3D targets 

generated in any technique as an array of constituting points. This is used to 

ensure proper target generation during the conversion of developed models to 

dipole arrays. 

4. DDSCAT: The original FORTRAN DDA code to calculate scattering 

efficiencies and cross sections (scattering, absorption, polarization and 

extinction), asymmetry parameters, single scattering albedos and the sixteen 

elements of the Mueller matrix. 

5. Post processing tool: An indigenously developed code in MATLAB© platform 

to facilitate the automatic averaging over a wide range of shape and size 

distributions using the DDSCAT generated computational calculations. 
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3.2.1 Blender 3D 

The first step of the computational technique involves generation of targets for DDA 

simulations using different incident laser wavelengths. Blender is a software used to  

generate volumetric material targets for realistic investigation in modeling and simulation 

works (Figure 3.1 and 3.2). There are several advanced options provided in the software 

for target generation. In one procedure predefined algorithms can be used to develop 

random gaussian shapes. Another advantage is that targets can also be user defined or user 

modified in a manual mode. A primitive basis shape can be modified using shape and 

material modifiers. Smaller details of the particle shapes and surface can also be introduced 

by changing the positions of basis points. Each of the faces and vertices of the material 

target can be modified independently to add finer and specific details. The advantage of 

manual mode is that final target could be shaped into any nonspherical and highly irregular 

geometry. Along with the shape modifiers other material properties like size and aspect 

ratio can be easily set to match the realistic particle in laboratory samples. As per the 

requirements of dipole conversion softwares, the generated object is arranged finally in a 

triangular mesh (a specimen target is shown in Figure 3.3). 

 

 

Figure 3.1 Graphical User Interface of Blender - geometry generation software. 
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3.2.2 DDSCATConvert 

The second step involves conversion of the generated target geometries into dipole arrays. 

DDSCATConvert is a software availabe in the public domain nanohub.org which facilitates 

replacement of the volumetric target geometries by representative polarizable points or 

dipoles. At first the shape generated in Blender is loaded into the Graphical User Interface 

(GUI) of DDSCATConvert in a wavefront.obj format. The requirement is that the input 

object must be in the form of a triangular mesh. Dipoles can be used to populate any 

arbitrary shape that is introduced as an object file with locations of all the virtual points that 

formed the particular geometry. The algorithm of this software uses the point in a 

polyhedron method where a numerical algorithm first checks for a point within a volumetric 

box. After that, a dipole is assigned to that particular position or space coordinate. The 

produced target in the form of a dipole array can now be directly used by the DDA code 

for light scattering calculations. The final output of this software is a shape file with 3D 

cordinates of all the point dipoles that populate the whole target volume. There are options 

available for setting the total number of dipoles for the conversion along with specifying 

Figure 3.2 A primitive basis shape in Blender. 

Figure 3.3 Specimen shapes generated using Blender 2.76b. 
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the number of different materials that can be available in a particular target, along with 

facilities for specifying material dielectric properties for the different shapes present in the 

target sample.  

 

Figure 3.4 shows the Graphical User Interface of DDSCATCoonverter online html tool 

which provides the user an option to upload the target directly as an object file. 

 

Figure 3.5 shows a screenshot of the input parameters for initiating the conversion of 

geomteries into dipole arrays. 

 

Figure 3.4 GUI of DDSCAT Convert for shape file 

input. 

Figure 3.5 The input parameters of DDSCATConvert. 
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In the final stage of target conversion procedure, the software offers a option to save 

the generated output as shape and image files. Figure 3.6 shows a screen capture of the 

different files which can be directly downloaded from the remote server window of the 

website nanohub.org. Figure 3.7 shows the final generated target geometry. The whole 

process can be carried out online either in a html or java based window system. The 

conversion time is a function of the number of dipoles and also the number of different 

shapes in the target volume. 

 

  

Figure 3.6 3D coordinates of dipoles in the converted target. 

Figure 3.7 3D representation of target in reference coordinate system. 
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3.2.3 ParaView 

ParaView is a freely available software which facilitates visualization and processing of 

complex data sets. This software is incorporated in our computational technique to visualize 

the target geometries developed using Blender3D and converted to dipole arrays in 

DDSCATConvert. The produced shape file can be introduced into the ParaView interface 

and a 3D rendered clear representation of the volumetric geometry of the shape is obtained 

as the final output. Its advantage is that the dipole arrays can be located in distinct and high 

resolution images in fine details. In advanced calculations the positions and vacant spaces 

can also be obtained. A target in dipole representation is shown in Figure 3.8. 

 

3.2.4 DDSCAT: Advantages and Limitations 

The most advantageous feature of this FORTRAN90 code is that it can identify any user 

introduced arbitrary random Gaussian and irregular shapes and calculate their optical and 

radiative properties. The basic idea of DDA and DDSCAT are discussed in details in 

Chapter 1 (1.3.2.3. Discrete Dipole Approximation (DDA) and 1.3.3.2. DDSCAT code) 

and the theory of DDA along with mathematical formalism and calculations are provided 

in Chapter 2 (2.3. Theory and mathematical formalism of Discrete Dipole Approximation 

(DDA)). 

The input parameters for DDA that requires to be specified by the user are,  

1. Incident wavelength. 

2. Refractive index, particle size, user defined shape file, particle size distribution. 

3. Number of iterations for the computations and number of different dielectric 

materials. 

4. Number of scattering and polarization directions to be considered for calculation. 

5. Number of orientations and the scattering parameters to be calculated. 

Figure 3.8 3D rendered representation of dipole arrays for specimen targets. 
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Figure 3.9 and 3.10 shows the input parameter files which needs to be modified before 

carrying out the computation. All the input parameters must be keyed in manually in the 

parameter file which must be executed along with the main executable FORTRAN file 

named “ddscat”. After specifying the values of all the variables in the code, the shape file 

must be introduced in a DDSCAT compatible file format. Figure 3.11 shows the screen 

capture of the shape file with location of each and every dipole along with its dielectric 

properties. 

Figure 3.9 DDSCAT input parameter file part 1.  

Figure 3.10 DDSCAT input 

parameter file part 2. 
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After modifying the input parameters and loading the shape file with dipole locations, the 

main code of DDA is executed. The conversion time depends on particle size, number of 

dipoles and iterations required to perform the calculations of cross sections and scattering 

parameters. The number of directions selected for orientational averaging further lengthen 

the time required for completion of the computational procedure. The computations in this 

entire thesis work are carried out in a workstation with 3.6 GHz core i7 processor equipped 

with 6 GB Random Access Memory (RAM). The average timing for computations with 

different samples varies from a time range of 12 hours to 72 hours respectively along with 

the time required for size and shape averaging. Once the computation completes, all the 

output files are automatically saved in folders specified by the user, which can be later 

accessed for data processing and graph plotting. Figure 3.12 and 3.13 shows the output file 

containing the scattering, absorption and extinction efficiencies ( scaQ , absQ , extQ

respectively), single scattering albedo (a), asymmetry parameter (g) and all the theoretical 

Mueller matrix elements ( ijF ) including the polarization ( P ). 

 

Figure 3.11 Shape file after conversion with DDSCATConvert. 
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It is already discussed that for accurate numerical results the DDA condition must 

be fulfilled. Which requires 1kdm . So it is necessary to ensure the incident wavelength, 

particle sizes and the number of dipoles must not exceed this limit. An important factor can 

be defined as the size parameter ‘ x ’ which is critical in validating any DDA computation. 

252 


 effr
x          3.1 

 where ‘ effr ’ is the effective radius of the target material. 

Figure 3.12 The main output file of DDSCAT part 1. 

Figure 3.13: The main output file of DDSCAT part 2. 
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But there are limits to the real and imaginary refractive index values that can be 

given for computation. To minimize errors and ensure computational accuracy, the 

interdipole separations d must be kept to a low value while carrying out the computations. 

Also practical limitations due to the computer processor’s capability and Random Access 

Memory (RAM) availability occurs which requires that 610N .  The limitations on size 

parameter, kdm  and the value of N makes it evident that the ratio of target size to 

wavelength must be kept at a critical value at the beginning of a computation to satisfy all 

necessary criterions.  

The applicability of DDA to targets having a wide range of complex refractive 

values and size distributions have been reviewed by a number of research groups and their 

reports of the advantages and disadvantages of the code are available. 

Several research groups conducting independent research works using DDA arrived 

at the conclusion that the cross section are relatively accurate if the number of dipoles 

considered exceeds a minimum value 410N [1-3].  

Another comparative study with Mie theory and T-matrix shows that despite the 

limitations regarding the memory requirements this technique is most appropriate for 

particles with arbitrary and irregular geometries [4].  

It is extremely difficult to find out the accuracy and advantages of volume integral 

techniques like DDA while compared to other techniques. That makes this technique 

powerful and effective but unpredictable [5].  

Keeping aside mathematical and practical limitations, DDA is the only numerical 

technique available which is not restricted by shape and geometry of the scattering particle. 

[6-8]. With the increasing speeds of powerful processors and high RAM availabilities the 

earlier DDA permissible limit of maximum number of dipoles ( 610 ) is now extended to 

much larger values further decreasing the value of interdipole separations ‘ d ’[9]. Also it 

is proved that relatively accurate measurements of scattering matrix elements is possible if 

the dipoles are arranged in a cubic lattice [10]. 

Most accurate calculations performed by DDA is of the values of 11F (the most 

important scattering parameter for unpolarised incident light). The accuracy is effected 

mainly by the lattice dispersion relations in the large size parameters range. 

The speed and accuracy test of DDA, Extended Boundary Condition Method 

(EBCM) and Finite Difference Time Domain (FDTD) method shows that DDA is faster 
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and accurate enough to be a reliable tool of computation for moderate size parameter and 

refractive indices [5, 11, 12].  

3.2.5 Size and shape averaging of realistic samples 

In realistic modelling and simulation studies of light scattering as reported in this thesis, 

the particle size distribution and shapes considered for theoretical calculations are based on 

the samples either synthesized in the laboratory or acquired from chemical suppliers. A 

particular area or volume element in a Scanning Electron Micrograph (SEM) image is first 

identified and all the particle sizes are measured using software tools like ImageJ. After 

that the most common shapes that constitute the particulate matter sample are considered 

for target generation.  

The particle surface area or the total volume is first measured using the maximum 

length of the irregular particle as reference with the surface or volume equivalent radius. 

This radius is used as the effective size of the particulate sample to carry out the 

computations. As it is not possible to directly measure the volume or surface of a highly 

irregular particle, it requires to assume the particle to be in the form of either a cuboid or a 

prolate ellipsoid. 

Some of the important parameters that require to be defined for particle size 

distribution measurements are aspect ratio, volume equivalent sphere radius Vr , and surface 

equivalent sphere radius ( Sr ) [13]. 

where Aspect ratio = ( bl / ) 

l and b are length and breadth of the particle, 

and volume of a cuboid and an ellipsoid is given by, 

Volume (V) =  abc
3

4        3.2 

Or, Volume = cba         3.3 

Where a, b, and c are length, breadth and thickness of a cuboid and lengths of the three 

axes for a prolate ellipsoid. 

Volume equivalent sphere radius ( vr ): Now the volume equivalent sphere radius can be 

defined as the radius of a sphere with volume equal to the particle. 
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The volume of a sphere is given by, 

3

3
4 rV   

And the volume equivalent sphere radius can be written as, 

3
1

4

3











particle

v

V
r         3.4 

Surface equivalent sphere radius ( sr ): Surface equivalent radius of a particle is the 

radius of a sphere with the same surface area as that of the particle.  

Surface equivalent radius can be written as, 

2
1

2

3











particle

s

S
r         3.5 

3.2.5.1 MATLAB© code for Post processing 

Most of naturally occurring small particles have highly indistinguishable size, shape or 

random direction of orientation. While calculating the radiation cross sections and light 

scattering parameters, it is assumed that for a system of randomly oriented arbitrary shaped 

and sized particles the radiative properties are similar to a system of volume equivalent 

sphere averaged over a particular size range [14, 15]. However, extensive studies have 

revealed that these assumptions are not applicable to all practical cases [16]. For realistic 

modelling of interstellar dust analogues it is required to consider enormous variations in 

shapes and sizes of those highly irregular particles [17-21] more accurately. In order to 

simulate the properties of dust analogue samples, aided by laboratory experiments, a post 

processing MATLAB© code was developed which can compute the scattering parameters 

and efficiencies for a shape and size dispersed target. This code takes the files generated by 

DDSCAT for each shape and size and performs averaging for the target properties. The 

MATLAB© post processing tool which incorporates normal, lognormal and gamma size 

distribution functions, is used to generate size and shape averaged plots of computational 

values of Mueller Matrix elements. Studies have shown that the natural systems of 

polydisperse particles can be well represented by size distributions functions such as 

gamma, normal, lognormal etc. [9, 22, 23, 24]. But realistic results are arrived at only if the 

linear dimension of the scattering volume is smaller than the distance between the origin 

and the detector. 
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It has been reported that the experimentally measured size distribution of water 

droplets can be reproduced with gamma distribution [22, 25, 26]. The gamma distribution 

is given by,  

)exp()( brarrn  
        3.6 

where 
 1

1








b
Na  and 

mr
b


        

‘ r ’ is the particle radius, mr is the modal radius, a is a constant, Γ is the gamma function 

and   is a parameter which characterizes the width of the function. 

The normal and lognormal size distribution functions can represent aerosol size 

distributions [9, 24, 27, 28, 29]. 

The normal size distribution is given by [30], 
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Also lognormal function is written as [31], 

 
   
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2/1 ln2
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ln2
     3.8 

in the above expression r is the particle radius, )(rn is the number of particles with radius 

r , ‘ g ’ is the standard deviation of the size distribution, gr is modal radius, N is the number 

concentration with modal radius. 

3.3 Experimental setup for light scattering studies 

The most important part of a light scattering setup is the measurement of light intensity 

precisely for the whole scattering angle range 0⁰ to 180⁰ using suitable combinations of 

lasers, polarizers and photodetectors. The parameter that is measured other than intensity 

is the polarization of scattered light. The detection of scattered signal as angle dependent 

function and subsequent development of relations to the Muller matrix elements constitutes 

the major part of data analysis.  
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3.3.1 Measurable quantities of a light scattering event 

For a quasi-monochromatic plane wave the wave equation for the electric field is, 

        3.9 

The scattered intensity can be related to the incident wave for a multi particle system as 

[32], 

 
iS II

22

,

dk

F 
         3.10 

where    
N

FF  ,,  and N is the total number of particles. 

And also from the definition of the Stokes vector we have, 











































i

i

i

i

S

S

S

S

V

U

Q

I

F
dk

V

U

Q

I

22

1
        3.11 

where F is the Mueller matrix. Now for unpolarized incident light we can directly write the 

scattered stokes vectors as [32, 33], 

11FI S  , 21FQS  , 31FU S  , 
41FVS       3.12 

But as for unpolarized light the values of SQ , SU and 
SV are zero, we can also write 11FF   

[Using equation 3.11 and 3.12]. 

And polarization 
11

2
1

2

31

2

21 )(

F

FF
P


  

The physical significance of 11F  is that it represents the total intensity of scattered light at 

specific scattering angles and the degree of linear polarization defines the extent of linear 

polarization induced by the scatterer in the incident beam. 
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0),( wtkrieEtrE 
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Figure 3.14 shows light scattered from a system of particles in a small volume of length l. 

The incident beam I of total irradiance ( iP ) illuminates this volume element in the 

scattering plane. This scattering volume radiates power dP along the scattering direction 

per unit solid angle dῼ subtended per unit area dS. dῼ is the soild angle subtended by the 

detector placed at a distance D from the scattering volume, where 
2D

dS
d  . 

 All mathematical treatments are based on unpolarized incident light, as applicable to this 

study. 

 Considering light scattered from a volume element an expression for the volume 

scattering function can be written as [34, 35], 

 
dvP

dR

i

),(
,


     3.13 

Here ),( dR is a part of the scattered intensity along an arbitrary direction specified by 

scattering angle   and azimuthal angle  , ‘ dv ’ is a small volume element along the 

direction of scattering and iP  is the total irradiance of the incident light. Thus the volume 

scattering function may be defined as the scattered light intensity per unit irradiance of the 

incident light per unit volume. 

  

Figure 3.14 Scattered beam and the detector. 
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Again, 

 
dvP

dR

i

)(
     3.14 

 For spatially symmetric particles the volume scattering function )( is of the simple 

form as in equation 3.14 depending only on the scattering angle   [29, 36], and is a 

measurable quantity using practical instruments. 

 For practical applications e.g. measurement of light scattering properties with laboratory 

experiments it is convenient to define a parameter phase function ( )(f ) which is 

equivalent to )(11 F of the Mueller matrix.  

Physically it represents the size and shape averaged scattering measurements of a system 

of randomly oriented particles. 

Or, 

 
s

θβ
f(θ )    3.15 

where s is the scattering coefficient and is defined as the average over scattering function 

for a full solid angle. 



π

dθθβ(θ)πs
0

sin2    3.16 

 Experimental measurements of the elements )(ijF of the Mueller matrix or scattering 

matrix are done by using different arrangements of polarizers and analyzers which are 

placed in front of the incident and scattered beam. In this thesis work )(11 F or phase 

function and polarization or the degree of linear polarization )(P are measured. The phase 

function can be directly determined by measuring the scattered light intensity as functions 

of scattering angle for unpolarized incident light.  

Further, phase function can be written as, 

  SIF )(11         3.17 

where  SI is the total intensity of scattered light at scattering angle   when the incident 

light is unpolarized. 

Again for unpolarised incident light, polarization can be defined as the 

mathematical ratio of the second and first element of the Mueller matrix i.e. )(12 F and 

)(11 F are provided )(13 F = )(14 F = 0 . 
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For a single particle in a randomly oriented systems the scattered radiance is given 

by the equation [37, 38], 

 





4
)( A

SP

F
QRI          3.18 

Where ‘ PR ’ is the total irradiance of the incident unpolarized light. ‘ ’ is the average 

cross sectional area of the particle over all orientation directions, )(AF is scattering 

function, SQ is the scattering efficiency. 

Now )(I and )(|| I are the light intensities scattered parallel and perpendicular to the 

scattering plane such that, 

      ||III           3.19.1 

And       ||III          3.19.2 

A factor called polarization can be defined using these two equations 3.19.1 and 

3.19.2 [37], 

 
 
 



I

I
P


          3.20.1 

The degree of polarization can be practically determined as provided in the following 

expression [39 - 42], 
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3.3.2 The experimental setup for optical characterization  

 

An experimental setup was developed in the laboratory (Figure 3.15, 3.16 and 3.17) 

[43] to measure light scattering properties of particulate matter. It consists of a laser, a 

flexible particle sprayer system, photodetector and data acquisition system. 

The setup can measure )(11 F and 
)(

)(

11

12




F
F

 , over the scattering angle range from 

10° to 170° in steps of 5°. It uses three lasers of wavelengths 543.5 nm, 594.5 nm and 632.8 

nm alternately according to the requirement of the experiment. The photodetector was 

capable of rotating in the scattering plane using a stepper motor based rotor system. The 

light scattered from the samples was allowed to pass through a set of collection optics 

comprising of appropriate analyzers and were detected by the photodetector. The amplified 

signals were fed to the data acquisition system (DAQ NI USB – 6008) which was interfaced 

to the PC through the USB port for data storing and analysis.  

The most important components of the fabricated light scattering setup has been 

explained in details along with the calibration tests and mathematical corrections 

incorporated into the measurement techniques. Figure 3.16 shows a photograph of the 

Figure 3.15 Schematic diagram of the light scattering setup. 
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experimental setup and figure 3.17 shows of a close up view of the main optical 

components. 

 

 

 

 

3.3.2.1 Lasers 

Lasers are the basic requirements of a laboratory based optical characterization setup. A 

well-directed collimated and powerful light source is vital to illuminate the micron and 

submicron sized particle systems where the scattered light is relatively faint to detect. 

Ordinary light sources usually lack the power to produce a strong and detectable light 

scattering intensity pattern mainly in the visible range. In this setup three He-Ne lasers are 

used for investigations at different incident wavelengths in the range 300-700 nm.  

The specifications of the three lasers are tabulated in Table 3.1. 

Figure 3.16 Photograph of the complete experimental setup.  

Figure 3.17 Top view of the experimental setup. 
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Table 3.1 Specifications of the visible wavelength lasers 

Sl. No. Wavelength Output Power 

1 543.5 nm 5 mW 

2 594.5 nm 5 mW 

3 632.8 nm 2 mW 

   

All the three lasers emit unpolarised light having beam diameters of approximately 1 mm 

[36]. 

For calibration purpose intensity of all the three lasers were measured at a distance 

of 250 mm (scattering centre) from the source and a micro positioner was used for the 

adjustments. The intensity profile of the laser beams are shown Figure 3.18. 

 

From the figure it is possible to observe that the profiles of the lasers with 

wavelength 543.5 nm and 594.5 nm are Gaussian in shape but for the 632.8 nm one it is 

flat top. The beam cross sections are measured to be approximately 25.0 mm for all the three 

wavelengths. 

3.3.2.2 Photodetector 

Two highly sensitive UV – Visible photodiodes are used for detecting the light signals in 

the experimental setup. Each of the silicon photodiodes are suitable for sensing faint light 

signals scattered from the target. This type of high efficiency detectors are also suitable for 

precision photometry with supressed IR sensitivity.  

Figure 3.18 Profiles of the three laser wavelengths 543.5 nm, 594.5 nm and 632.8 

nm respectively specified by symbols in the legend. 
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The used photodiodes are S1227-16BR (Figure 3.19(a)) and BPW34 (Figure 3.19(b)). 

 

 

 

 

 

 

 

The spectral response curves of the photodiodes are provided in Figure 3.20(a) and (b). 

 

Table 3.2 and 3.3 shows the specifications and special characteristics of S1227-16BR and 

BPW34.                                                                                                     

Table 3.2 Specifications of the photodiode S1227-16BR 

Photosensitive area 5.9 x 1 mm2 

Reverse voltage (max.) 5 V 

Spectral response range 340 – 1000 nm 

Peak sensitivity wavelength 700 nm 

Rise time 0.5 µs 

Terminal capacitance 170 pF 

a b 

Figure 3.20 Spectral response of (a) S1227-16BR and (b) BPW34. 

a b 

Figure 3.19 Photographs of (a) S1227-16BR and (b) BPW34.  
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Table 3.3 Specifications of the photodiode BPW34 

Photosensitive area 2.65 x 2.65 mm2 

Forward voltage 1.3 V 

Spectral response range 400 – 1100 nm 

Peak sensitivity wavelength 900 nm 

Rise and fall time 20 ns 

Terminal capacitance 72 pF 

 

3.3.2.3 Particle sprayer system 

The most important function of a particle sprayer system is to supply adequate number of 

particles per unit time in the light scattering experiment. The particles may be supplied in 

the form of continuous jet streams or periodic bursts synchronized with the detector’s 

acquisition speed. The samples may be either solids (aerosols) or liquids (hydrosols). 

Adequate care must be taken to ensure minimum contamination by dust. There must be 

sufficient number of particles to produce strong detectable scattered signal while at the 

same time this number must not exceed density for single scattering only.  

3.3.2.3.1 Aerosol sprayer system  

A modified version of the particle sprayer system [36] based on an aerosol nebulizer as 

reported by Hovenier et al. is used in the setup [42]. The aerosol sprayer as shown in Figure 

3.21 for producing a flow of particulate matter sample consists of a simple electric roller 

(R), a mechanical piston (P), sample holder (T), flow tube (B), nozzle (N) and a high tension 

spring coil (S). A metallic frame (H) provides mechanical support to the whole system. The 

powder sample is kept in the reservoir (a glass cuvette of 10mm diameter) for an entire 

scattering experiment. When the sample holder is full, the piston is pushed backwards with 

a force and is held by a high tension spring coil fitted to a mechanical support. A small 

amount of sample is carried over by a specially designed electric roller into the socket. An 

electric dc motor (12V) is used to rotate the roller at variable speeds. Once the roller takes 

away a reasonable amount of powder, the piston is pushed forward along with the sample. 

While in the downward motion, the roller socket feeds the sample into an air stream in the 

flow tube (B). The flow tube is a glass tube of 10 cm in length and 15 mm in diameter. 

Once the sample reaches the bottom end of the tube as aerosol particles, they are allowed 



Computational techniques and experimental setup  Chapter III 

  
   

 

 79 
Optical characterization of particulate matter using indigenous computational and experimental techniques  
  
   

to pass through a nozzle (N) such that a fine jet stream of particles can be formed. The 

particles are carried away under force by a vacuum suction pump to ensure minimum dust 

contamination. Finally the aerosol jet comes within the scattering volume in the path of the 

laser beam. There is an arrangement (metallic tray) to collect the samples at the bottom of 

the sprayer system so that the sample can be reused.  

 

 

Figure 3.21 Schematic diagram of the Aerosol sprayer system. 

Figure 3.22 Photograph of the aerosol nebulizer. 
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3.3.2.3.2 Liquid particle sprayer system 

To spray liquid particles into the scattering volume a liquid nebulizer or atomizer is used 

(Nu Life Nuneb Pro nebulizer). This is a type of instrument used in medication systems to 

deliver a fast supply of fine particles mainly to treat respiratory diseases. In nebulizers, a 

highly compressed jet of air or oxygen is allowed to pass through a liquid or suspension at 

extremely high velocities, which results in an aerosol of fine particles coming out through 

a nozzle. Figure 3.23 shows the nebulizer used in this work. 

 

 

 

 

 

 

 

 

The specifications of the nebulizer is provided in Table 3.4. 

Table 3.4 Specifications of the Nuneb pro nebulizer 

Compressor Piston 

Pressure (Max.) 2.5 bar 

Air flow (Min.) 8 LPM 

Noise at 1 m 55 dba 

Operating time 60 min. ON and 30 min. OFF 

Particle size 0.5 – 5 microns 

Power supply 215 – 240 V AC 

Power consumption (Max.) 90 Watts 

Size mmmmmm 120189344   

 

  

Figure 3.23 Photograph of the Nuneb pro nebulizer. 
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3.3.2.4 Data acquisition system 

For data acquisition and recording a NATIONAL INSTRUMENTS© manufactured 

dedicated Data acquisition system NI USB-6008 DAQ is used. This instrument offers real 

time data collection facility using the LabVIEW© based platform and an interactive plotter 

tool for fast and efficient data analysis and post processing. The signals collected by the 

photodiodes are directly fed into this DAQ system after proper amplification and analysed 

using the Graphical User Interface (GUI) to yield results and do comparative studies.  

 

NI USB-6008 is a low-cost, multifunction DAQ I/O device. It consists of analog and digital 

I/O ports latched with a 32-bit counter. The advantage of the device is that it is easy to 

connect the terminals and make a compact construction. It is also fitted with advanced 

NI-DAQmx drivers and NI SignalExpress LE for direct data collection without any need 

for software triggers and synchronization. Figure 3.24 shows the control panel of the DAQ. 

The NI USB-6008 specifications are provided in Table 3.5. 

  

a b 

Figure 3.24 (a) NI USB-6008 (b) Control panel 

http://www.ni.com/labview/signalexpress/
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Table 3.5 Specifications of NI USB-6008 Data Acquisition system 

Analog inputs (Differential) 4 

Analog inputs (Single-ended) 8 

Input resolution (Differential) 12 bits 

Input resolution (Single-ended) 11 bits 

Digital I/O 12 

Analog output 2 

Maximum sample rate 10 KS/s 

Timing resolution 41.67 ns (24 MHz timebase) 

Timing accuracy 100 ppm of sample rate 

Input range (Differential) V1 to V20  

Input range (Single-ended) V10  

Working voltage V10  

Input impedance k144  

The Pin description of NI USB – 6008 is provided in Figure 3.25. 

 

3.3.3 Correction for scattering volume and detector angle 

It is well known that light scattering measurements depends on the scattering volume, 

detector angles and laser beam width along with the scattering properties and scattering 

angles. It is practically very easy to understand that during a scattering event as the detector 

Figure 3.25 Pin description of NI USB – 6008 where AI – analog 

input, AO – analog output, P I/O – digital I/O and GND – ground. 
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rotates on the scattering plane, the scattering volume as viewed by the detector as well as 

the detectable signal intensity varies. These values are different for different positions of 

the detector on the scattering plane. A maximum overlap of the scattering volume and 

detector viewing area is possible only for the extreme forward and backward directions (0⁰ 

and 180⁰), while it is minimum for absolute perpendicular angle or position i.e. 90⁰. 

Therefore it is convenient to multiply the entire detected intensities at all scattering angles 

by a factor sin  to ensure a constant scattering volume for all detector viewing positions 

[29, 33, 36, 39, 44].  

 

Figure 3.26 shows the correction factor for scattering volume which is almost equal to the 

sin function for majority of the scattering angles. 

3.3.4 Calibration of the light scattering setup 

The calibration process starts with alignment of the various active optical components in 

the setup namely lasers, photodiodes, polarizers, analyzers, filters and collimators. These 

components of the setup are mounted on special flexible tables fitted with adjustable screws 

and lab jacks. By using highly directional test beams from the laser diodes the alignments 

of the elements are individually checked and adjusted by levelling micrometer screws. The 

detector rotation axis and the laser beam directions are aligned by putting a temporarily 

black screen oriented in the axis position, in the scattering plane [29, 36]. The next step is 

the correction for background noise and stray signals contributed by dust particles 

contaminating the scattering volume. A high power suction pump is used to force out dust 

particles that may be present in the scattering chamber. This significantly reduces the 

intensity of background or dark signals. Further to ensure higher accuracy of the 

experimental data a number of repetitions (about 100) of the experiments are for each of 

Figure 3.26 Correction factor for scattering volume. 



Computational techniques and experimental setup  Chapter III 

  
   

 

 84 
Optical characterization of particulate matter using indigenous computational and experimental techniques  
  
   

the data sets [43]. The background signals are first measured by allowing the laser beam to 

pass through the scattering volume without any scattering particle. These signals are then 

subtracted from the results acquired with the scatterer.  

)()()( BackgroundScattererCorrected DataDataData        3.21 

A test for the applicability of the experimental setup is conducted for perfectly 

spherical water droplets sprayed into the scattering volume using a medical nebulizer. To 

verify the experimental data, the computations performed on the water droplets are carried 

out using the TUSCAT software [45].  

The instrumental errors are calculated by conducting 100 sets of experiments with 

the water samples of radius 5.0 to 5 µm. As measured from the data sets it is found to be 

194.0 in arbitrary units. The instrumental errors are plotted as error bars in the 

experimental plots of all the comparative analysis graphs.  

Further for accuracy estimation of the computational and experimental results and 

for validation of the computational techniques, the Root Mean Square Errors or RMS errors 

are measured. 

 

N

ET

Error

N

i

rms






 1

2

        3.22 

Where T and E are theoretical and experimentally measured values and N is the total 

number of data points. 

Table 3.6 provides the properties of the water sample used for the computations. 

Table 3.6 Particle size distribution for water droplets 

Size Distribution Lognormal(Gaussian) 

Lowest particle radius 0.5 μm 

Highest particle radius 5.0 μm 

Modal radius ( gr ) 2.0 μm 

Standard deviation ( g ) 1 
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Figure 3.27 (a) Phase function and (b) polarization for water droplets at 543.5 nm 

wavelength with symbols in the legends representing computational and experimental values 

(plotted with error bars). 

a b 

Figure 3.28 (a) Phase function and (b) polarization for water droplets at 594.5 nm wavelength 

with symbols in the legends representing computational and experimental values (plotted with 

error bars). 

a b 
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It is observed from the comparative analyses that the experimental plots are almost 

identical in terms of overall shapes and major features with the computational results for 

both the measured quantities, which are phase function and degree of linear polarization. 

The samples considered here are water droplets of perfect spherical shapes, so the effects 

of only size distributions have been taken into account. Also the computations are carried 

out using TUSCAT software which incorporates Mie theory and T-Matrix to calculate 

scattering parameters of spheres and which provides relatively accurate solutions. 

Therefore with this comparative analyses, applicability of the experimental setup could be 

verified and it is found to be efficient enough to further carry out investigation of more 

complex samples. 

  

Figure 3.29 (a) Phase function and (b) polarization for water droplets at 632.8 nm 

wavelength with symbols in the legends representing computational and experimental 

values (plotted with error bars). 

a b 
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